Cryptochromes are widespread in higher plants but their physiological roles as blue-light photoreceptors have been examined in relatively few species. Screening in a phyA null mutant background has identified several blue-light response mutants in pea (Pisum sativum), including one that carries a substitution of a highly conserved glycine residue in the N-terminal photolyasehomologous domain of the pea CRY1 gene. Analyses of cry1, phyA, and phyB mutants show that all three photoreceptors contribute to seedling photomorphogenesis under high-irradiance blue light, whereas phyA is the main photoreceptor active under low irradiances. Triple phyA phyB cry1 mutants grown under high-irradiance blue light are indistinguishable from darkgrown wild-type plants in length and leaf expansion but show a small residual response to higher-irradiance white light. Monogenic cry1 mutants have little discernable phenotype at the seedling stage, but later in development are more elongated than wild-type plants. In addition, the loss of cry1 moderates the short-internode phenotype of older phyA mutants, suggesting an antagonism between phyA and cry1 under some conditions. Pea cry1 has a small inhibitory effect on flowering under long and short days. However, the phyA cry1 double mutant retains a clear promotion of flowering in response to blue-light photoperiod extensions, indicating a role for one or more additional blue-light photoreceptors in the control of flowering in pea.
Light plays a central role in plant growth and development. It supplies not only the energy required for photosynthesis but also information about time and place that is crucial for appropriate development. Plants monitor specific wavelengths of light using a number of photoreceptors, which include the red and far Pr (phy) photoreceptor family and the blue-light specific cryptochrome (cry) and phototropin photoreceptor families.
Roles for the phytochrome family of photoreceptors have been well characterized through the isolation of specific phytochrome-deficient mutants in a range of higher plant species (Takano et al., 2001; Weller et al., 2001a Weller et al., , 2001b Fankhauser and Staiger, 2002 ). In contrast, the roles of specific blue-light receptors are less widely characterized. Blue light regulates many important processes in plant development, including seedling de-etiolation, stem elongation, entrainment of the circadian clock, and photoperiod-responsive flowering (Liscum et al., 2003) . In Arabidopsis (Arabidopsis thaliana), many of these responses to blue light are now known to be mediated at least in part by members of the cryptochrome photoreceptor family. The cryptochromes are flavoproteins that share homology with DNA photolyases, but are distinguished by lack of photolyase activity and the presence of a C-terminal extension (Lin and Todo, 2005) . Cryptochromes were first identified in Arabidopsis, and have subsequently been characterized in several plant species. They fall into two distinct types, CRY1 and CRY2, based largely on differences in the C-terminal extension (Lin and Shalitin, 2003 ). An additional more distantly related class of plant cryptochrome proteins (variously termed CRY3 or CRY-DASH) have recently been identified (Brudler et al., 2003) , although it is not currently known if they function in a similar manner to CRY1 and CRY2. Cryptochromes are also found in animals, where they play an important role in circadian rhythms (Lin and Todo, 2005) .
Cryptochromes have been most extensively studied in Arabidopsis, which contains one representative of each of the three cryptochrome subtypes (Lin and Todo, 2005) . However, studies in other plant species are beginning to reveal variation in the size of the CRY gene family. Rice (Oryza sativa), barley (Hordeum vulgare), and tomato (Lycopersicon esculentum) each contain two CRY1-like genes (Perrotta et al., 2000; Matsumoto et al., 2003) , whereas two distinct CRY2 genes are present in pea (Pisum sativum) and Medicago truncatula (Platten et al., 2005) . CRY genes are also present in lower plants, and have been described for the fern Adiantum capillus-veneris, the moss Physcomitrella patens, and the alga Chlamydomonas reinhardtii, although these genes cluster separately from higher plant cryptochromes (Kanegae and Wada, 1998; Imaizumi et al., 2002; Platten et al., 2005) . To date, cryptochrome mutants in higher plants have only been identified in Arabidopsis and tomato. Arabidopsis and tomato cry1 mutant seedlings exhibit reduced deetiolation under relatively high-irradiance blue light (Ahmad and Cashmore, 1993; Weller et al., 2001a) . CRY1 also plays a role in the development of adult plants, contributing to the promotion of flowering by long days in Arabidopsis (Jackson and Jenkins, 1995; Mockler et al., 1999) and influencing internode elongation and chlorophyll levels in leaves and fruit in tomato (Weller et al., 2001a) . Arabidopsis plants containing mutations in the gene encoding the light-labile CRY2 protein have been identified on the basis of late flowering in long-day conditions and independently by reduced de-etiolation under relatively low levels of blue light . In addition to these mutant studies, the phenotypes of transgenic rice and tomato plants with altered CRY expression have also been reported (Matsumoto et al., 2003; Giliberto et al., 2005) .
Mutant studies in several species have shown that phytochromes also play an important role in blue-light responses. In tomato and Arabidopsis, both phyA and phyB photoreceptors contribute to the promotion of de-etiolation under blue light (Ahmad and Cashmore, 1997; Neff and Chory, 1998; Weller et al., 2001a) . In pea, phyB promotes de-etiolation under high-irradiance blue light, while phyA appears to play a somewhat anomalous role, promoting most aspects of de-etiolation but slightly reducing the effectiveness of blue light for inhibition of stem elongation (Weller et al., 2001b) . While phytochromes and cryptochromes may act independently in some blue-light responses, in other cases they show clear physiological interactions. For example, in Arabidopsis, the promotion of flowering by cry2 and phyA is achieved by antagonizing the inhibitory effects of phyB (Valverde et al., 2004) . Also, the cry1 and phyA-dependent suppression of hypocotyl elongation by blue light in early seedling development is antagonized by phyB (Folta and Spalding, 2001 ). Finally, cry1-mediated blue-light effects on membrane polarization in Arabidopsis hypocotyl protoplasts are enhanced by prior activation of phyA or phyB (Wang and Iino, 1998) . The molecular basis for these physiological interactions is not yet known. However, phytochromes and cryptochrome are known to interact physically with each other and with other proteins such as COP1 and ADO1/ZTL (Ahmad et al., 1998; Más et al., 2000; Jarillo et al., 2001; Wang et al., 2001) , and both cry and phy photoreceptors contribute to the nuclear exclusion and inactivation of COP1 (Osterlund et al., 2000) .
We previously reported that phyA phyB double mutants of pea show clear residual responses to blue light, indicating an important role for one or more blue-light-specific photoreceptors in pea development (Weller et al., 2001b) . In this article, we report on the characterization of a pea cry1 mutant, which was identified on a phyA-deficient background on the basis of reduced de-etiolation under blue light. We have used this mutant to explore the role of cry1 in several aspects of pea development, including de-etiolation, adult vegetative development, and the timing of flowering.
RESULTS

Isolation of a Mutant with Reduced De-Etiolation under Blue Light
Studies in Arabidopsis and tomato have revealed a high degree of redundancy between phytochromes and cryptochromes in the control of seedling de-etiolation under blue light. One result of this functional overlap is that the effect of cryptochrome deficiency is much less in a wild-type background than observed on a phy-deficient (and particularly on a phyA-deficient) background (Neff and Chory, 1998; Mockler et al., 1999; Weller et al., 2001a) . To exploit any similar functional overlap between phyA and cryptochromes in blue-light responses in pea, we screened for cry mutants in the phyA-1 null mutant background (Weller et al., 2001b) . Progeny of ethyl methanesulfonatemutagenized seed were screened in the M 2 generation for de-etiolation defects under 4 mmol m 22 s 21 blue light, as studies in Arabidopsis and tomato indicate that this intermediate irradiance has the potential to expose the action of CRY1 and CRY2 Weller et al., 2001a) . M 3 lines showing reduced de-etiolation under blue light were rescreened under red and far-red light to exclude mutants with more general defects in de-etiolation. Several lines isolated from this screen showed substantially longer internodes than the phyA-1 parent line under blue light but not under red or far-red light. One line (E0-110) also exhibited reduced leaflet expansion, a paler stem, and a greater tendency to retain an apical hook compared to phyA-1 single mutant plants when grown under blue light (Fig. 1A) . When grown under an 18-h photoperiod in the glasshouse, the E0-110 line also displayed longer internodes and smaller leaves than the phyA-1 parental line (Fig. 1B) . In addition, the characteristic development of thickened internodes in older phyA-1 mutant plants (Weller et al., 2001b) was significantly reduced in the E0-110 line (diameter of internode 18; phyA-1: 4.62 6 0.17 mm; E0-110: 3.91 6 0.16 mm; P , 0.01). No marked difference in flowering node between E0-110 and phyA-1 was observed under these conditions (data not shown).
The F 2 progeny of an E0-110 3 phyA-1 backcross segregated 39 phyA-like and 16 E0-110-like plants (x 1 2 5 0.491, P . 0.4) under blue light, indicating that the E0-110 selection phenotype is inherited in a monogenic recessive manner. Transfer of these seedlings to glasshouse conditions confirmed that this seedling trait cosegregated with the elongated adult plant phenotype (data not shown), consistent with both aspects of the E0-110 phenotype resulting from mutation at a single locus. The phenotype of the E0-110 line appeared generally similar to that of previously described cry mutants in Arabidopsis and tomato (Ahmad and Cashmore, 1993; Lin et al., 1998; Weller et al., 2001a) . To determine if the E0-110 line contained a lesion in the CRY1 gene (Platten et al., 2005) , we directly sequenced the CRY1 gene in wild type cv Torsdag and the E0-110 mutant. The E0-110 line contained a single nucleotide substitution in the CRY1 cDNA (G778A), directing a substitution of Gly with Glu at position 250 in the CRY1 protein. This Gly residue is perfectly conserved across a wide range of CRY and photolyase proteins from plants, animals, and bacteria (Fig. 2) . The substitution of the corresponding Gly residue in the Arabidopsis CRY2 protein by an Arg residue has been reported in the fha-2 (cry2-2) mutant, which has a phenotype equivalent in severity to that of cry2 null mutants . A Csp45I restriction polymorphism introduced by the G778A mutation was converted to a cleaved amplified polymorphic sequence (CAPS) marker that showed perfect cosegregation with the E0-110 mutant phenotype in the F 2 progeny of a phyA-1 3 E0-110 backcross (n 5 53).
The E0-110 line thus shows a blue-light-specific deetiolation defect that cosegregates with a mutation in the CRY1 gene predicted to substitute a highly conserved residue in the CRY1 protein. We therefore conclude that the E0-110 mutant phenotype is likely to result from this mutation, and have designated this mutation cry1-1. The original E0-110 line is subsequently referred to as the phyA-1 cry1-1 double mutant.
Analysis of the phyA-1 3 phyA-1 cry1-1 backcross under blue light also enabled us to examine the dominance of the wild-type CRY1 allele on a phyA background. CRY1/cry1 heterozygotes were identified using the cry1-1 CAPS marker and displayed a phenotype intermediate between cry1/cry1 and CRY1/CRY1 homozygotes (Fig. 3) . This incomplete dominance of the CRY1 wild-type allele on a phyA mutant background is consistent with the haploinsufficiency previously reported for CRY1 and various phytochrome genes in Arabidopsis and tomato (Koornneef et al., 1980; Whitelam et al., 1993; Weller et al., 2001a ).
The cry1-1 Mutation Influences Seedling De-Etiolation and Vegetative Development
We next selected a monogenic cry1-1 mutant line from F 2 progeny of a cross between wild type cv Torsdag and the phyA-1 cry1-1 double mutant, using molecular markers for the cry1-1 and phyA-1 The cry1-1 mutation affects a highly conserved amino acid. Alignment of amino acid sequences for cryptochrome (CRY and CPH) and photolyase (PHR, proteins are shown for the region surrounding the Gly (G) residue substituted in the E0-110 line (G250; marked with an asterisk). Ps, Pisum sativum; At, Arabidopsis; Os, Oryza sativa; Le, Lycopersicon esculentum; Ac, Adiantum capillus-veneris; Pp, Physcomitrella patens; Cr, Chlamydomonas reinhardtii; Mm, Mus musculus; and Dm, Drosophila melanogaster. The alignment was performed using ClustalX.
mutations. Under blue light at moderately high irradiance (20 mmol m 22 s 21 ), cry1-1 mutant plants exhibited a substantial reduction in leaflet expansion relative to wild-type seedlings, but did not show a significant difference in internode length (Fig. 4) . The effect of the cry1-1 mutation on stem elongation was therefore less clear on a wild-type background than on a phyA-1 background, suggesting a functional overlap between cry1 and phyA in pea similar to that reported previously in Arabidopsis and tomato. However, cry1-1 mutants grown in the glasshouse under an 18-h photoperiod did show a clearly elongated phenotype later in development (Fig. 1C) , regardless of the presence of phyA, although this phenotype was not as extreme as that of phyB mutants (Weller et al., 2001b) . Under glasshouse conditions cry1-1 monogenic mutants flowered at a similar node to wildtype plants (data not shown).
To examine the range of blue-light irradiances under which phyA and cry1 act to promote de-etiolation in pea, single and double mutant seedlings were grown under three different irradiances of blue light (Fig. 4) . Under the highest irradiance used (20 mmol m 22 s
21
), the cry1-1 mutant showed a substantial reduction in leaflet expansion relative to wild type but did not differ from wild type under the two lower irradiances (0.2 and 2 mmol m 22 s 21 ; Fig. 4A ). However, internode elongation in cry1-1 mutants did not differ substantially from wild type across the range of blue-light irradiances tested (Fig. 4B ). This contrasted with the phyA-1 mutant, which was substantially more elongated than both wild type and cry1 seedlings under the lowest irradiance (0.2 mmol m 22 s
) and exhibited little if any response for either stem elongation or leaflet expansion. Compared to wild-type seedlings, phyA-1 mutant seedlings also showed reduced leaflet expansion under both the intermediate and high-irradiance conditions. The phyA cry1 double mutant did not differ significantly from the phyA single mutant in either stem elongation or leaflet expansion under the lowest irradiance, but was more etiolated than phyA under intermediate and high-irradiance blue light. These results show that in pea, phyA is the main photoreceptor controlling de-etiolation responses to low-irradiance blue light, whereas both phyA and cry1 play a role under high-irradiance blue light. Also, since no significant effect of low-irradiance blue light was observed for either the phyA or phyA cry1 mutant, there is no evidence for any substantial contribution from any other photoreceptor apart from phyA under these conditions. Finally, the results also suggest that the threshold irradiance for cry1 action may be close to the intermediate irradiance used, at around 2 mmol m 22 s
.
PhyB Also Contributes to Seedling De-Etiolation under Blue Light
Although phyA-1 cry1-1 double mutant seedlings exhibit some reduction in de-etiolation under relatively Figure 3 . Haploinsufficiency of CRY1. An F 2 progeny from a cross between the phyA-1 mutant and the phyA-1 cry1-1 double mutant was grown for 14 d under blue light (10 mmol m 22 s 21 ) before transfer to standard glasshouse conditions. Segregants were genotyped at the CRY1 locus using molecular markers. Values represent mean 6 SE, n 5 15 to 25. high levels of blue light, these plants still display a substantial response to blue light compared to dark-grown plants (Fig. 4) . To examine the contribution of phyB to this response, we selected phyB cry1 and phyA phyB cry1 mutants from the progeny of a cross between the phyA-1 cry1-1 double mutant and the phyB-5 null mutant, using a combination of phenotypic screening and molecular genotyping. Seedlings showing an almost completely etiolated appearance under white light were readily identified in this progeny, and were confirmed as phyA-1 phyB-5 cry1-1 triple mutant plants by molecular markers. These plants failed to survive until flowering and were consequently maintained through heterozygous lines. The phyB cry1 double mutants also yielded extremely few seed.
To gain a more complete picture of the interaction of phyA, phyB, and cry1 during de-etiolation in pea, various mutant combinations were grown under different monochromatic light conditions and internode length and leaflet area were measured (Fig. 5 ). Due to limited seed availability, the phyB cry1 and phyA phyB cry1 genotypes were only grown under selected light conditions. As previously observed, de-etiolation in response to red and far-red light was regulated exclusively by phyA and phyB, as phyA phyB double mutants are fully etiolated under both conditions ( Fig. 5 ; Weller et al., 2001b) . As expected, phyA phyB cry1 triple mutants were also not responsive to red or far-red light. However, the triple mutant also showed an essentially complete loss of responsiveness to blue light, indicating that the residual response to blue light seen in the phyA cry1 mutant is largely controlled by phyB. A small effect of phyB on internode elongation in blue light was also evident on a wild-type background. The striking difference in internode elongation under blue light between the triple mutant and all three double mutants (Fig. 5A) indicates a large degree of functional overlap among all three photoreceptors in the control of this response. Interestingly, this strong functional overlap was not as apparent in the control of leaflet expansion under blue light, as both phyA and cry1 appear to contribute to this process in an essentially additive manner (Fig. 5B) . PhyB also contributes to this response, although this is only apparent in the absence of phyA.
The only clear response to light in the triple mutant was a small increase in leaflet expansion under white light (Figs. 5B and 6A ), a response also seen under natural daylight conditions. Compared to dark-grown seedlings of other genotypes, the phyA phyB cry1 triple mutant also retained a small induction of CAB gene expression in response to white light at 100 mmol m 22 s 21 , but not to blue light at 20 mmol m 22 s 21 (Fig. 6B ).
Photoreceptors Remaining in the phyA phyB cry1 Triple Mutant
The pea genome is known to contain two expressed CRY2 genes (Platten et al., 2005) and two homologs of the phototropin gene PHOT1 (Elliott et al., 2004) , any of which might function in the residual responses observed in the phyA phyB cry1 mutant. Residual responses could potentially also be mediated by additional phytochrome photoreceptors. Among the angiosperm species examined so far, most possess at least three phytochromes, including phyA, phyB, and phyC. Many dicot species, including Arabidopsis and tomato, have at least one additional divergent phyBlike phytochrome, PHYE (Clack et al., 1994; Hauser et al., 1995; Mathews et al., 1995) .
However, a number of lines of evidence suggest that in pea the phytochrome gene family may be limited to only two members, PHYA and PHYB. First, a broad PCR-based survey identified PHYA, PHYB, and PHYE sequences but found no evidence of PHYC-like genes in legumes (Lavin et al., 1998) . Second, Medicago, soybean (Glycine max), and Lotus databases contain genomic and/or expressed sequence tag sequences for PHYA, PHYB, and PHYE but not PHYC ( Fig. 7 ; Hecht et al., 2005) . Third, we have used Medicago PHYE to search for PHYE sequences from pea and other related legumes by degenerate-primer PCR and genomic Southern blotting. These approaches confirmed the presence of PHYE in the Trifolieae clade (including Medicago and Trifolium), but failed to identify PHYE sequences in pea and other species in the sister tribe Vicieae, despite also identifying PHYE from species in the more distantly related Loteae clade ( Fig. 7 ; data not shown). Finally, pea phyA phyB double mutants completely lack a shade-avoidance response to supplementary far-red light under conditions where both tomato phyA phyB1 phyB2 triple mutants and Arabidopsis phyA phyB phyD triple mutants show a strong response (Devlin et al., 1999; Weller et al., 2000 Weller et al., , 2001a .
Taken together, these findings suggest that that pea and related species in the tribe Vicieae may have lost a PHYE-like gene that is present in Medicago and more broadly throughout the hologalegoid legumes. A similar situation may exist in black cottonwood (Populus trichocarpa), which has been reported to contain only PHYA and PHYB genes (Howe et al., 1998) . In view of this evidence, it is most likely that residual deetiolation responses to white light seen in the phyA phyB cry1 triple mutant are due to the action of one or more specific blue-light photoreceptors rather than an additional phytochrome.
PhyA and Cry1 Both Contribute to Blue-Light Regulation of CRY2b Gene Expression Of the two expressed CRY2 genes in pea, the expression of CRY2b in particular is strongly downregulated by blue light (Platten et al., 2005) . Light regulation of photoreceptor transcript abundance has previously been reported for the phytochromes where both phyA and phyB contribute to the downregulation of PHYA (Cantó n and Quail, 1999). . Taxonomic distribution of legume PHYE sequences. Diagrammatic representation of the taxonomic relationships among legume genera examined for the presence of PHYE-related sequence. Redrawn from Choi et al. (2004) with additional genera placed according to Kajita et al. (2001) . PHYE sequence from wisteria (U78061) was previously reported by Lavin et al. (1998) . PHYE genomic sequences were identified from Medicago (AC158464) and Lotus (AP006687), and PHYE expressed sequence tags were identified from soybean (AW186474, BE822159) and Lotus (AU088958, BP055499). All other sequences were isolated by degenerate-primer PCR. However, similar interactions between blue-light photoreceptors at the level of transcriptional control have not been reported. We examined the role of cry1 in the regulation of CRY2b transcript accumulation in shoot tissue of wild-type and mutant plants transferred from darkness to continuous blue light. Figure 8 shows that the expression of CRY2b was strongly down-regulated in wild-type plants 24 h after transfer to blue light, and a smaller down-regulation occurred in phyA-1 and cry1-1 single mutant plants. In contrast, no significant difference in CRY2b expression was observed in phyA-1 cry1-1 double mutant plants 24 h after transfer to blue light, and these plants had significantly higher CRY2b expression than comparable wild-type, phyA-1, and cry1-1 seedlings (P , 0.001). This shows that phyA and cry1 act together to mediate the initial repression of CRY2b expression that follows exposure of etiolated seedlings to blue light.
Cry1 Has Only a Minor Effect on Flowering in Pea
Pea is a long-day plant and flowers earlier under long-day photoperiods (LD) than under short-day photoperiods (SD). Previous studies have shown that phyA acts to promote flowering in response to photoperiod extensions while phyB inhibits flowering under noninductive SD conditions (Weller and Reid, 1993; Weller et al., 1997) . However, phyA mutant plants still retain a substantial response to photoperiod extensions with white light of high red:far-red ratio (Weller et al., 2001b ). This response is unlikely to be mediated by phyB, as phyB activation clearly inhibits flowering (Weller et al., 2001b) . Another possibility is that it may reflect a response to the blue-light component of the white light, mediated by one or more cryptochromes. In Arabidopsis, the cryptochrome cry2 is known to play an important role in the blue-light-specific promotion of flowering and acts by preventing the phyB-mediated degradation of the flower-promoting CONSTANS protein (Valverde et al., 2004) .
To test this possibility and to examine the possible involvement of cry1, we compared the flowering response of wild-type, cry1, phyA, and phyA cry1 double mutant plants to the extension of an 8-h SD with an additional 16 h of blue light (10 mmol m 22 s 21 ). Figure  9 shows that wild-type and cry1 lines responded similarly to the blue-light extension, both flowering at a significantly earlier node than when grown in SD (P , 0.05). Monogenic cry1 mutant plants grown in SD flowered at a similar node to wild-type plants, and under the extended-day treatment in fact flowered slightly but significantly earlier than wild-type plants (P , 0.05). As previously observed, phyA plants grown in SD flowered later than wild-type plants (Weller et al., 2001b) and retained a strong response to the blue-light extension. The phyA cry1 double mutant flowered significantly earlier than the phyA mutant under SD (P , 0.01), but retained a clear promotion of flowering in response to the extension. It therefore appears that in pea, cry1 has a small inhibitory effect on flowering especially in the absence of phyA, but plays little if any role in the blue-light-specific promotion of flowering.
DISCUSSION
To date, much of our understanding of the role of cryptochromes in plant development has been gained from mutant studies in Arabidopsis. In Arabidopsis, both cry1 and cry2 contribute to the control of deetiolation and photoperiod-responsive flowering, although cry1 plays a more dominant role in deetiolation and cry2 in flowering (Liscum et al., 2003) . While both cry1 and cry2 are likely to be ubiquitous in higher plants (Platten et al., 2005) , relatively little is known about the roles of these photoreceptors in other plant species. Recent isolation of a tomato cry1 mutant has shown that cry1 in this species also contributes to other aspects of development, including apical dominance and chlorophyll accumulation (Weller et al., 2001a) . Preliminary characterizations of the role of cry1 in rice and cry2 in tomato have also been undertaken using transgenic and silencing approaches (Matsumoto et al., 2003; Giliberto et al., 2005) . We have previously characterized the roles of phyA and phyB in pea and have identified several roles for specific blue-light receptors (Weller et al., 2001b) . More recently, we have demonstrated the presence of three expressed CRY genes in pea, including CRY1 and two distinct CRY2 genes (Platten et al., 2005) .
In this study we have isolated a line carrying a single nucleotide substitution in the pea CRY1 gene. Several lines of evidence indicate that this mutation is likely to severely impair CRY1 function. First, the Gly residue affected by the mutation is perfectly conserved across a wide range of cryptochromes from plants and animals and is also conserved in the more distantly related DNA photolyases (Fig. 2) . Second, this residue is located in an N-terminal region of the CRY1 protein that is known to bind the FAD chromophore in cryptochromes and photolyases ( Fig. 2; Brudler et al., 2003; Brautigam et al., 2004) and might, therefore, be predicted to have an important role in the chromophoreapoprotein interaction. Third, the substitution of this same Gly residue in the Arabidopsis CRY2 gene results in complete loss of function, as determined by phenotypic comparisons with null deletion mutants .
Our analyses of the pea cry1 mutant show that cry1 contributes to seedling de-etiolation. In seedlings, cry1 acts together with phyA and phyB in a highly redundant manner to mediate the effects of high-irradiance blue and white light on stem elongation (Figs. 4 and  5 ). All three photoreceptors also contribute to leaflet expansion under high-irradiance blue light, but in a more independent manner (Figs. 4 and 5) . PhyA, phyB, and cry1 also contribute to de-etiolation of tomato and Arabidopsis seedlings under high-irradiance blue light, in most cases acting in a partially redundant manner to regulate traits including anthocyanin accumulation, hypocotyl elongation, and cotyledon expansion (Ahmad and Cashmore, 1997; Neff and Chory, 1998; Poppe et al., 1998; Weller et al., 2001a) . However, on a wild-type background the loss of cry1 appears to have a greater effect on seedling de-etiolation in tomato and Arabidopsis than in pea. The reason for this difference is not clear, but could reflect a greater contribution from phyA in pea.
Cry1 also plays a clear role in the later development of pea plants grown under white light. Mutant cry1 plants grown under glasshouse conditions have internodes that are 20% to 40% longer than wild type, and also have slightly smaller leaflets ( Fig. 1C; data not shown). These effects of the cry1 mutation are clearly independent of phyA as they are also observed on a phyA background (Fig. 1B) , and are consistent with reports of cry1 function in Arabidopsis and tomato (Jackson and Jenkins, 1995; Weller et al., 2001a ).
An examination of the irradiance response curves for both stem elongation and leaflet expansion (Fig. 4) suggests that the threshold blue-light irradiance for cry1 action in pea is similar to that previously reported for Arabidopsis and tomato cry1 Poppe et al., 1998; Weller et al., 2001a) . Pea phyA mutant seedlings exhibit no substantial response to very lowirradiance blue light (Fig. 4) , showing that in pea, as in Arabidopsis and tomato, phyA is the primary photoreceptor promoting de-etiolation under very lowirradiance blue light (Poppe et al., 1998; Weller et al., 2001a) . The absence of both phyA and cry1 reveals a strong contribution of phyB to de-etiolation under highirradiance blue light (Fig. 5 ) that is consistent with the role of phyB in other species (Neff and Chory, 1998; Poppe et al., 1998; Weller et al., 2001a) .
Our preliminary analysis of triple mutants containing lesions in phyA, phyB, and cry1 suggests that these are the major photoreceptors regulating seedling deetiolation in pea. At the level of gross morphology, phyA phyB cry1 triple mutant pea seedlings are effectively blind to blue light (20 mmol m 22 s 21 ) and under higher-irradiance white light (110 mmol m 22 s 21 ) show only a slight increase in leaflet expansion and CAB transcript accumulation relative to dark-grown control plants (Figs. 5 and 6) . A similar phenotype has been reported for a phyA phyB1 phyB2 cry1 quadruple mutant of tomato (Weller et al., 2001a) and Arabidopsis phyA phyB cry1 mutants (Neff and Chory, 1998; ). Studies in Arabidopsis have shown that an additional cryptochrome, cry2, also plays a role in deetiolation under some conditions, and it is possible that the small effect on leaflet expansion seen in the pea phyA phyB cry1 triple mutant could reflect the action of a cry2. In Arabidopsis, a cry2 mutant line was initially isolated on the basis of reduced de-etiolation under low-irradiance blue light and cry2 has also been reported to act across a range of sunlight irradiances in the absence of cry1 . However, other experiments with phyA phyB cry1 triple and phyA phyB cry1 cry2 quadruple mutants have found that cry2 does not contribute to the inhibition of hypocotyl elongation under high-irradiance white light or full sunlight, and plays only a small role in cotyledon opening under these conditions, at least in the absence of phyA, phyB, and cry1 (Neff and Chory, 1998; .
A number of physiological interactions between phytochrome and cryptochrome photoreceptors have been described in Arabidopsis (Casal, 2000) and tomato (Weller et al., , 2001a . These include an antagonistic effect of phyA on phyB under red light (Cerdán et al., 1999; Weller et al., 2000) , a dependence of cry1-mediated responses on phyA and/or phyB action (Wang and Iino, 1998; Casal, 2000) , and an antagonism of phyA/cry1-mediated inhibition of elongation by phyB (Folta and Spalding, 2001 ). Many of these interactions have been identified under specific illumination regimes and for specific phases of growth. Our more general analyses of long-term growth responses of photoreceptor mutant phenotypes under continuous monochromatic light have not identified any of these interactions in de-etiolating pea seedlings. However, we did observe one clear example of photoreceptor interaction not previously observed in other species. In contrast to phyA and phyA phyB mutants in Arabidopsis (Neff and Chory, 1998) and tomato (Weller et al., 2001a) , pea phyA and phyA phyB mutant seedlings exhibit reduced stem elongation compared to their isogenic PHYA lines when grown in high-irradiance blue light ( Fig. 4 ; Weller et al., 2001b) . This enhanced response to blue light in phyA mutants is clearly dependent on cry1 as it is not seen in either cry1 or phyB cry1 background, and could thus be understood as an antagonistic effect of phyA on cry1 action. In addition, when grown to maturity under white light, phyA and phyA phyB mutants develop short, thickened internodes ( Fig. 1B ; Weller et al., 2001b) , a phenotype that also appears to require cry1, as internodes of phyA cry1 plants are significantly longer and thinner than phyA plants ( Fig. 1B; data not shown). We are currently examining whether these two effects of phyA mutations are related, and testing the possibility that they may result from altered hormone status (Weller et al., 2001b) .
We have shown previously that the expression of both of the pea CRY2 genes is down-regulated in young seedlings in response to blue light (Platten et al., 2005) . For CRY2b at least, this down-regulation is particularly strong and appears to be dependent on both phyA and cry1 (Fig. 8) . The functional importance of this regulation is at present not clear, although in general, it suggests that CRY2b levels may be elevated under conditions where cry1 and phyA are relatively inactive. However, because any role of cry2 photoreceptors in de-etiolation of pea seedlings is likely to be relatively minor (Figs. 4 and 5) , it may be that they have a more important role in the control of other developmental responses.
In photoperiodic species such as pea and Arabidopsis, photoreceptors play important roles in regulating the transition from vegetative to floral development. In pea, the promotion of flowering by LD photoperiods is partially mediated by phyA. Mutant phyA plants grown under LD flower later than wild-type plants but still show a substantial promotion of flowering in response to photoperiod extensions with cool-white fluorescent light (Weller et al., 2001b) . It now appears that much of this response may have been due to the blue component of the white light, because monochromatic blue-light extensions are equally as effective at promoting flowering in phyA plants (Fig. 9) . It is also clear that cry1 does not mediate this response, because flowering was promoted to a similar extent in phyA and phyA cry1 double mutant plants exposed to bluelight extensions, and because the only consistent effect of cry1 on flowering that we observed was a slight delay.
One possible explanation for the residual blue-light promotion of flowering seen in the phyA mutant is the partial inactivation of phyB, which we have previously shown to inhibit flowering in pea (Weller et al., 2001b) . Compared to SD conditions, which would establish a high red:far-red ratio at the end of the day and maintain phyB in its active inhibitory form during the night, the blue-light extension might be expected to establish an intermediate phyB photoequilibrium less inhibitory for flowering. However, a more likely explanation is that the blue-light response reflects an active promotion of flowering mediated by one or both of the two pea CRY2 genes (Platten et al., 2005) . In Arabidopsis, the only other species in which the role of cryptochromes in flowering has been examined, cry2 plays a major role in promoting flowering under LD and in response to supplemental blue light (Mockler et al., 1999; Valverde et al., 2004) . Although it might be possible to distinguish between these explanations photophysiologically, direct demonstration of the involvement of cry2a and/or cry2b obviously requires the isolation of corresponding mutants. As studies presented here have not identified a clear role for cry2 in de-etiolation, this flowering response suggests a basis for a mutant screen to search for cry2 mutants in pea. We have recently shown that CRY2b transcript levels exhibit strong diurnal regulation (Platten et al., 2005) , and this evidence does seem consistent with a role for cry2b in photoperiodic flowering. Current phenotypic screening for late flowering mutants and molecular screening for cry2b mutants will help determine if this is so.
MATERIALS AND METHODS
Plant Material, Mutagenesis, and Growth Conditions
All pea (Pisum sativum) lines were derived from cv Torsdag. The phyA-1, phyB, and phyA phyB double mutant lines have been described previously (Weller et al., 1997 (Weller et al., , 2001b . For the flowering experiment shown in Figure 9 , all lines also carried the le-3 mutation, which has no influence on flowering response (Reid et al., 1990) . For mutagenesis, approximately 1,000 phyA-1 seed were allowed to imbibe in a 1% (v/v) ethyl methanesulfonate solution for 5 h at room temperature (approximately 18°C). M 1 plants were grown to maturity under standard glasshouse conditions under an 18-h photoperiod, which consisted of a natural photoperiod extended at dawn and dusk with mixed white fluorescent tubes and white incandescent globes. M 2 seeds from individual plants were planted in plastic tote boxes and grown for 10 d under 4 mmol m 22 s 21 fluorescent blue light supplied by 36W/15 blue fluorescent tubes (Philips TLD) wrapped in two layers of plastic film (cutting sheet 521C, Nakagawa Chemical Company). All plants were grown in a 1:1 mixture of dolerite chips and vermiculite topped with potting mix, and if grown to maturity received nutrient solution weekly. Mutant screening, seedling de-etiolation experiments, and gene expression studies were carried out in growth cabinets at 20°C. Red and farred monochromatic light sources are described by Reid et al. (2002) , and bluelight sources are described by Platten et al. (2005) . Fluence rates were measured at pot top. Plants grown for the flowering experiment in Figure 9 were also grown in growth cabinets at 20°C and received an 8-h photoperiod of 150 mmol m 
Sequencing and Molecular Markers
The full PsCRY1 cDNA was amplified from the E0-110 line using the following primers: 5#-ACCCTTATTTTTCTTCTTGT-3# (forward) and 5#-CATCCCACTTGGTGAGATAG-3# (reverse). RNA was extracted from E0-110 plants using the RNeasy plant mini kit (Qiagen) and cDNA synthesized using Superscript III RNase H2 reverse transcriptase kit (Invitrogen). PCR products were sequenced using a Beckman-Coulter CEQ 8000 genetic analysis system (Beckman-Coulter). The cry1-1 mutation introduced a novel Csp451 restriction site and was converted into a CAPS marker with the primers 5#-CGGCCAACCATTCACAAC-3# (forward) and 5#-CAACCAGTAGCCCA-CAACTCT-3# (reverse) and was used to follow the cosegregation of the molecular lesion with the cry1-1 phenotype. Both the phyA-1 and phyB-5 mutations introduce a novel MnlI restriction site and were converted to CAPS markers with the following primers: for phyA-1, PHYAF1 5#-TGATGGGGC-TGCACTCTTTTAT-3# and PHYAR1 5#-CACGCTTCTGGCTTTCACAACT-3#; and for phyB-5, PHYBF1 5#-TGGGGCTGCTTTGTATTATC-3# and PHYBR1 5#-ACGGCTCTTCACCACTTCCTA-3.
PHYE sequences were isolated by PCR from genomic DNA using degenerate primers 5#-AAGAGTTGGCATATATACTGCAAGAGATS-AAGAARCC-3# and 5#-AGGATTTTCCTGGACATATATAGTCCTARWCC-WTC-3#.
Gene Expression Studies
RNA was extracted as described above and cDNA was synthesized from 4.5 mg of RNA with Superscript II (Invitrogen) according to the manufacturer's instructions. cDNA was diluted and duplicate PCR reactions were carried out with Dynamo SYBR green master mix (Geneworks) in a Rotor Gene 2000 (Corbett). PCR was carried out with 100 to 200 pmol of each primer under the following conditions: 94°C 15 min, 60 cycles of 94°C 15 s, 58°C to 59°C 20 s, 72°C 30 s, and 75°C 15 s. Primers for CRY2b have been described by Platten et al. (2005) . Quantification of CAB9 transcript employed specific primers (CAB9F2 5#-AACAGGAAAAGGACCAATAG-3# and CAB9R 5#-TATATTCA-CACATTGTGG-3#) designed from sequence previously reported by White et al. (1992) and an annealing temperature of 52°C. Actin primer sequences and calculation of relative expression values are described by Foo et al. (2005) .
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession number AY508971.
